Abstract: We numerically demonstrate a scheme of optofluidic sorting of nanoparticles on a silicon-based lab-on-a-chip system, with reconfigurable and multilevel sorting size thresholds. Size-dependent sorting of nanoparticles originates from the size-dependent distribution of trapping potential wells, which determines whether a nanoparticle can jump back and forth between parallel waveguides in weakly coupling condition. In numerical modeling, we find that it is easier for larger ones to transfer and the size threshold is power ratio dependent. By setting a thermal tuning ring-assisted Mach-Zehnder interferometer ahead, we can adjust effectively the input power ratio of the parallel waveguides as well as the potential well distribution across them, working as a thermal tuning reconfigurable sorting unit. Consequently, a tree cascaded unit with different thresholds is also presented to be a reconfigurable multilevel sorting unit. The proposed design offers a simple and ultracompact scheme for the reconfigurable and multilevel optofluidic sorting of nanoparticles on thermooptofluidics chip for the first time.
Introduction
Silicon Photonics have been the mainstay of the electronics industry [1] and many optical device based on silicon such passive device and active device have been fabricated [2] . Recently, it have been stimulated and experimented in silicon resonant devices such as biosensor for lab on chip applications [3] - [7] . In lab-on-a-chip, optical manipulation, as a non-invasive method, has been widely utilized in life science such as diagnostics [8] and biosensing [9] . Several functions have been demonstrated in micro-or nano-scale chips, including switching [10] , sorting [11] , and storing [12] . In particular, sorting plays an important role in optical manipulation since it separates biomaterials into different categories based on the size or refractive index. In fact, sorting has been realized through various methods such as centrifugation [13] , electrophoresis [14] , and chemical sorting method [15] . However, centrifugation has relatively low accuracy in separating particles and electrophoresis needs special treatments for targets. Chemical sorting method shows good performance for targets with different shapes, but it is insensitive to those with different sizes. Most importantly, these methods are difficult to miniaturize and unable to control the states of the sorting unit dynamically, which restrict its large-scale integration.
Optical trapping or optical manipulation, because of high position resolution, high degree of integration, ability of parallel operation [16] , and feasibility of dynamic configuration, is considered as one of the most promising candidates for optofluidic sorting on chip. Using the near field optical forces by photonic structures, it can trap and separate nanoparticles with different sizes. Besides, the drastic gradient variation of evanescent field enables the precise manipulation on a single dielectric nanoparticle even when the particle size is smaller than the diffraction limit [17] . At the meantime, the working state of photonic structures can be controlled dynamically by adjusting the properties of light beam, such as wavelength polarization and phase. Wavelength manipulation may not be appropriate for large-scale integration since each stage should be customized for designated wavelength [18] , while phase modulation using electro-optic or thermo-optic effects has become a better choice since it makes the function unit independent on others [10] . Modern silicon fabrication technology has accumulated abundant experience in active silicon devices, which provides a perfect platform for phase modulation. Thermo-optic modulation is preferred in silicon based nanofluidic system, due to its higher thermo-optic coefficient and lower complexity in fabrication [19] . However, the traditional thermal tuning MZI works by heating one of its arms directly, resulting in a quite long structure. To improve the compactness of structure, a tunable ring waveguide can be introduced to one of its arms for phase shift tuning, taking the advantage of the drastic phase change near the resonant wavelength.
In this letter, we demonstrate a reconfigurable platform for the sorting of nanoparticles by adjusting the splitting ratio of optical power between a pair of weakly coupled parallel waveguides. A ringassisted MZI (RAMZI) modulated by a microheater is used to tune the optical power ratio between parallel waveguides and the induced optical potential well, resulting in different particle transferring threshold for different power ratio. Therefore, the structure is capable of particle sorting with configurable size threshold. It is the first time that our design offers a simple and ultracompact scheme for the reconfigurable and multilevel optofluidic sorting of nanoparticles on thermo-optofluidics chip.
Two-Level Sorting Unit
As shown in Fig. 1 , the waveguide structure with width of 300 nm and height of 340 nm can be fabricated on a silicon-on-insulator (SOI) platform using electron-beam lithography followed by reactive ion plasma etching. The inset shows the cross section of the structure, which is immersed in aqueous environment. The polystyrene (PS) spheres with different sizes are placed and could be trapped at the top of the waveguide. The whole structure is divided into two independent units, that is, RAMZI power allocation unit and sorting unit. Transverse magnetic (TM) mode of 1550 nm wavelength is used as the incidence, since TM mode has a much stronger evanescent field at the top of waveguide than the transverse electric (TE) mode, which may help to trap the target at the top surface.
The diameter of the ring resonator sitting on one arm of MZI is 4.7 μm and the gap between the ring and the waveguide is 200 nm. A localized heating source is beneath the ring resonator region for thermal tuning. Due to the significant thermal-optic effect of silicon material, we can efficiently tune the refractive index of ring waveguide and phase shift as well. Furthermore, a 1-μm-thick silicon dioxide layer is deposited to cover the resonator region and the nearby arm for heat isolation from the aqueous environment and blocking the flow of particles through this arm respectively. The input beam of TM mode is split into two halves equally and the optical phase of the path with resonator is thermally tunable. Therefore, after their interference at the DC1 coupler, the output power ratio between P1 and P2 could be adjusted with very large dynamic range. For initial state, with the help of thermal tuning, we can make the resonator work on the resonance point. By using the finite difference time domain (FDTD) method, we simulate its field buildup and phase shift of resonator around the resonance point, as shown in Fig. 2(a) . The bandwidth of the resonance is about 1.2 nm, with a Q factor about 1300, which is easily achievable in silicon photonic waveguide. Then by adjusting the length difference between both arms and considering the influence of deposited silica layer, we also can make their corresponding phase shift to be -π. Therefore, the corresponding power ratio (P1/P2) for initial state will be 1, shown as the case with T = 0 in Fig. 2(b) .
With the refractive index change of resonator induced by thermal tuning, the phase shift of the resonator changes dramatically around resonance point as shown in Fig. 2(a) , meanwhile, the phase difference of RAMZI structure also changes rapidly as shown in Fig. 2(b) . Therefore, with the increase of temperature, the corresponding power ratio of P1/P2 becomes larger than 1. The decrease of the temperature also induces similar effect, but it has inverse power ratio. To sort the particle on P2 waveguide, the power on P1 should be larger than that of P2. Therefore, our device should work in heating region, as the right side of Fig. 2(b) . From the figure, with the temperature increase of 1.1°C, 2.2°C, 3.3°C and 3.9°C, the power ratio (P1/P2) will be 2:1, 4:1, 9:1 and 16:1 respectively. According to the Fig. 2(b) , the relationship between the temperature bias and the corresponding power ratio is nearly linear. In addition, we didn't consider Brownian movement, which was affected by the temperature.
The sorting unit is a weakly coupled directional coupler (DC2), with relative large gap of 400 nm as well as a very large beat length of 30 μm. However, the length of parallel waveguides is only 1 μm and their effective coupling length including S bend and parallel waveguides is about 3 μm, which is much smaller than their beat length. It means that the coupling between them is very weak, we can assume that there is no crosstalk and interference between both waveguide mode. The transfer of nanoparticles between both waveguides is simply based on their separated trapping force of the guided modes on both waveguides. The larger the power on one waveguide is, the larger the trapping force and the deeper the potential well there will be. Therefore, the total potential well may incline to the side of the waveguide with the higher power, which would induce the transferring of nanoparticles to this waveguide.
Considering the input from P1 and P2 with a power ratio of 4:1 or 9:1 as examples, their mode profiles, trapping force distribution, potential well distribution, and the sorting guided wave on parallel waveguides have been mathematically solved by FDTD simulation based on Maxwell's equations, as shown in Fig. 3 . The mode profiles on both waveguides are well separated. However, the trapping force and potential distribution, which are calculated by using Maxwell Stress Tensor (MST) and integral displacement, are particle size dependent. For the particle of 1300 nm size trapped on P2 waveguide, its radius is already very close to the center-to-center distance (700 nm) between both waveguide modes, and the right side of the particle already enters the trapping force zone of P1 waveguide, shown in Fig. 3(a) . The larger the particle is, the larger the force will be applied by P1 waveguide. Since the optical power on P1 waveguide is much higher, its trapping force is also considerable. So, there is a balance between the forces induced by both waveguide modes, and the critical value of particle size with both forces balanced is named as threshold particle size D t . From potential well point of view, the critical value is corresponding to the case when the barrier between them just disappears, or the second derivative of the potential distribution is exactly zero. From Fig. 3(c) and (d), the threshold particle size D t are 1200 nm and 900 nm for the power ratio of 4:1 and 9:1 respectively, which means the larger the power on P1, the smaller the particle may transfer. For particle larger than D t , we can see that its trapping potential distribution only has one minimum point above P1 waveguide, and it is monotone decreasing function above P2 waveguide, as shown in the insert plots. Therefore, the particle will transfer from P2 to P1 waveguide. Finally, shown as the schematic figure in Fig. 3(e) and (f), particles larger than Dt transfer to upper branch, while the others stay on the lower branch. The size threshold could be enlarged to 1600 nm by reducing the power ratio to 2:1 or reduced to 700 nm by enlarging the power ratio to 16:1. The relation between size threshold and the power ratio for 400 nm gap is shown as the blue curve in Fig. 4 . One can even extend its dynamic range as long as the total input power is large enough and the small portion of power on P2 waveguide could still trap the targets.
Size dependent sorting of nanoparticles originates from the size dependent trapping potential distribution, which is not only related to the power ratio, but also related to the gap between parallel waveguides. For a specific power ratio, if one enlarges the gap, the corresponding size threshold will increase and vice versa. For example, with the power ratio of 2:1 in Fig. 4 , the size threshold of sorted particle will reduce correspondingly from 1600 nm to 1000 nm or even 700 nm, when the gap between waveguides reduces to 300 nm or 200 nm. This means that the smaller the gap, the smaller the size threshold. In this way, we have two free parameters, i.e., power ratio and the gap between both waveguides, to tune the sorting threshold, which can help us design more complicated multilevel sorting.
Four-Level Sorting Unit
Apart from the two-level sorting with one size threshold, we also could extend it to four-level sorting with three size thresholds. As shown in Fig. 5 , we can design a tree structure to realize multilevel sorting by cascading three sorting units with different thresholds, which could be tuned by gap or power ratio as shown in Fig. 4 . For simplicity, we can put the whole structure with three thresholds differentiated by gap dimension on a hot plate with a uniform temperature as well as a uniform power ratio. As an example in the Fig. 5 , the gaps in DC1, DC2 and DC3 are 300 nm, 200 nm and 400 nm, respectively. For the gap of 200 nm, the beat length is about 6 μm, which is still much longer than the effective coupling length of DC2 coupler. So, the weakly coupling condition is still applied. For the power ratio (P1/P2) of 4:1 at the first level sorting, according to Fig. 4 , PS spheres, whose sizes are larger than 800 nm, will pass through the P3 and head to P9 or P10 port. Others will pass through the P4 and head to P11 or P12 port. For the second level with the same power ratio of 4:1 at each power allocation unit, the final power ratio of the four output ports (P5/P6/P7/P8) is 16:4:4:1. In this way, we need the power on P8 port larger than the critical trapping Ratio 2:1 >1600 nm <1600 nm > 1000 nm <1000 nm > 700 nm <700 nm Ratio 4:1 >1200 nm <1200 nm > 800 nm <800 nm > 500 nm <500 nm Ratio 9:1 >900 nm <900 nm > 600 nm <600 nm > 400 nm <400 nm Ratio16:1 >700 nm <700 nm > 500 nm <500 nm > 300 nm <300 nm power, and therefore, the total power should be 25 times of it. Then, PS sphere, whose size bigger than 1200 nm, will pass through the P9 and those, whose size smaller than 1200 nm and bigger than 800 nm, will pass through the Port10. On the other side, PS sphere, whose size smaller than 800 nm and bigger than 500 nm, will pass through the P11 and those, whose size smaller than 500 nm, will pass through the P12. Finally, for different power ratio, the four-level sorting unit works in different state, as shown in Table 1 . In a word, the tree cascaded structure can realize multilevel sorting with tunable and reconfigurable thresholds by tuning their power ratio thermally. In general, the three power allocation units can also be independently controlled by three isolated electrode microheater [20] , [21] to achieve different power ratio. In this way, we can set the size threshold for those three sorting units independently. Since those three micro-rings could be tuned separately, it also helps to compensate their fabrication bias.
Conclusion
In summary, the scheme of reconfigurable multilevel sorting of nanoparticles using a thermal tuning silicon-based lab-on-a-chip system has been numerically demonstrated by the FDTD method. When the input power ratio of a pair of weakly coupled parallel waveguides is adjusted thermally, nanoparticles with different sizes on the waveguide can be sorted to different output port in sorting unit. Using a tree cascaded structure, one can realize more complicated multilevel sorting with tunable and reconfigurable thresholds. DNAs, proteins, and other biologic molecules can also be sorted by this method correspondingly. Our design offers a simple and ultracompact scheme for the reconfigurable and multilevel optofluidic sorting of nanoparticles on the thermal optofluidic chip. This thermal optofluidic integration system can work with a high degree of automation. It makes the chip dynamically configurable and scalable, which is very critical and opens a new horizon for the large-scale thermal tuning optofluidic integration system.
